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INTRODUCTION
Chronic use of glucocorticoids (GC) is probably the most common cause of secondary osteoporosis. GC diminish bone mass through various mechanisms. They have a direct negative effect on bone: they interfere with osteoblast function by inhibiting the WnT signalling pathway, and induce apoptosis of osteoblasts, while upregulation of receptor activator of nuclear factor κ B ligand results in elevated bone resorption. 1 In addition, GC impair intestinal calcium uptake and increase renal calcium excretion, leading to a tendency for secondary hyperparathyroidism; another indirect effect of GC on fracture risk is muscular weakness and increased risk of falls. [2] [3] [4] As a consequence, GC treatment is also associated with an increased risk of vertebral and non-vertebral fractures.
What does this study add?
▸ Exhaustive meta-analysis of prospective studies in high-dose and low-dose settings without bone protection. ▸ Limited bone loss in chronic inflammatory disease treated with low or medium doses; more extensive bone loss in transplantation settings with high doses. ▸ Large heterogeneity of findings suggests that many factors besides glucocorticoids-most notably disease severity-influence the extent of bone loss.
How might this impact on clinical practice?
▸ Adequate bone protection can probably prevent bone loss in chronic inflammatory disease and strongly limit its extent in transplantation settings. ▸ Adequate treatment of the underlying disease (including glucocorticoids where indicated) is very important in the prevention of bone loss.
these diseases the disease activity and severity of the underlying disorder is also associated with bone loss. Since patients with the highest disease activity are in the greatest need of GC, confounding by indication makes quantification of actual bone loss a complicated task. However, several studies have shown that the strong immunosuppressive effect of GC limits the net effect on bone loss. 6 7 This has been documented in RA, 8 9 and comparable mechanisms can be assumed in other diseases. It is well known that bone loss occurs rapidly during the first few months of GC therapy, followed by a slower but continued loss with ongoing use, probably because of the use of a higher initial dosage of GC and a higher initial disease activity. 10 11 International guidelines dictate the use of calcium and vitamin D in all patients who initiate GC treatment, [12] [13] [14] with addition of bisphosphonates in high-risk patients, for example, elderly patients and patients treated with high-dose GC.
In patients undergoing organ transplantation, the initial GC dose is usually much higher than in patients treated for chronic diseases, especially in the first 6 months after transplantation. Remarkably, research on GC-related bone loss in transplantation is relatively sparse and, to the best of our knowledge, a meta-analysis on bone loss in this patient group has not yet been performed.
We investigated the amount of bone loss in two patient groups exposed to GC during a period of 12 months: patients undergoing organ transplantation (lung, heart, lung/heart, liver and kidney) and patients with various chronic inflammatory diseases, including RA, systemic lupus erythematosus, polymyalgia rheumatica, vasculitis, granulomatosis with polyangiitis and inflammatory bowel disease.
METHODS

Protocol and registration
The analysis protocol for this review is available at the Department of Rheumatology, VU University Medical Center, Amsterdam, the Netherlands. The current report is an update and expansion of the initial protocol (ie, inclusion of high-dose transplantation studies), results of which were published as an abstract. 15 Delay in completion was caused by personal circumstances.
Information sources
The search was performed in three databases: MEDLINE, EMBASE and Cochrane Library. Systematic reviews found were scrutinised for relevant citations. This was also carried out in bibliographies of eligible articles.
Search strategy A systematic search for published studies was performed. First, the MEDLINE and EMBASE databases (1 January 1995 to September 2012) were searched. The literature search started from 1995, at the time Dual X-ray absorptiometry (DXA) was introduced in patient care. No language restriction was applied, but after screening only manuscripts written in the English language remained. A search of two defined search clusters, termed 'osteoporosis' and "glucocorticoids", was carried out. The cluster osteoporosis comprised all citations containing any of the text or thesaurus words "osteoporosis", "osteopenia", "bone density", "bone mass", "densitometry", "absorptiometry" and "fractures" (all trees, all subheadings). Similarly, the cluster 'glucocorticoids" comprised all citations containing any of the text words "predniso*", "corticoster*", "glucocort*" (* indicates a wildcard) or thesaurus words "anti-inflammatory agentssteroidal" or "glucocorticoids-synthetic". To obtain all studies on glucocorticoid-induced osteoporosis, the clusters osteoporosis and glucocorticoids were intersected. Second, the Cochrane Library was searched (1995 to 2012). Finally, duplicates were removed. The searches described were carried out with the help of an information specialist of VUmc university library.
Eligibility criteria
To be included in this review, the following criteria had to be met: ▸ Patients either had a chronic inflammatory disease or recently underwent a lung, liver, kidney or heart transplantation; ▸ Bone mass measurements were performed by DXA; ▸ Report of bone mass at baseline and after 1 year or later.
Selection criteria
First screen: The title, abstract and keywords of the selected articles were initially screened to exclude animal studies, editorials, letters and reviews, retrospective results and cross-sectional studies, studies employing single measurements, studies employing bone mineral density (BMD) or content measurements other than DXA, and studies without data on either the lumbar spine or femoral neck. For chronic inflammatory disease, studies on diseases or situations that most likely affect bone mass other than chronic inflammatory disease and GC were also excluded. This included Cushing's disease, hypogonadism, hyper ( para) thyroidism, chronic liver disease, insulin-dependent diabetes mellitus, renal insufficiency, anorexia, cancer, Addison"s disease and malabsorption syndromes as well as studies in patients <18 years of age. For transplantation studies, only the age criterion was applied. Regarding treatment, only vitamin D and calcium supplementation was allowed; that is, all groups of patients on specific antiosteoporosis treatment were excluded. Any study that appeared relevant to at least one of the two reviewers (MMEB, MB) was retrieved for further scrutiny. The same first screen criteria were then used to further select retrieved articles.
Second screen: Additional criteria were applied to the articles selected after screening. Studies on non-systemic GC therapy, studies that did not provide a clear description of the amount, kind and duration of GC treatment, and studies not explicitly distinguishing between patient groups that did or did not receive GC therapy were excluded. Similarly, studies not explicitly distinguishing between patient groups that did or did not receive specific antiosteoporotic medication were excluded. No language restriction was applied. Patients with asthma use topical GC at irregular intervals, and such use is suboptimally documented in studies. Therefore, studies including patients with asthma were only included when the percentage of such patients did not exceed 50%.
Outcome measure
Since GC affect trabecular bone more than cortical bone, 1 2 the primary outcome measure was the 12-month change in lumbar spine bone density (g/cm 2 ) best reflecting trabecular axial bone loss, expressed as a percentage of the initial measurement. The secondary outcome measure was the 12-month change in femoral neck density.
Data extraction
Where a study population was reported more than once, the most extensive report was used. Data extraction was performed using a standardised form. Means and measures of dispersion were approximated from figures in the manuscript where necessary.
Assessment of study quality
The application of the selection criteria of the first screen to (1) the title, abstract and keywords and (2) the remaining retrieved articles, and the application of the second screen, subsequent data extraction of the articles selected and assessment of the methodological quality of the eligible cohorts were all performed by two independent reviewers (MMEB, WFL) with standardised forms. Discrepancies were resolved by mutual agreement. Where necessary, a third reviewer (LHDvT) was consulted if disagreement persisted. All assessments were unblinded for authors, institution and journal as the reviewers were familiar with the literature on GC-induced osteoporosis.
Analysis and statistical techniques
Data handling and imputation Essential data were frequently incompletely reported and needed to be optimised to allow quantitative analysis as follows.
All data were standardised to reflect a 1-year period. The reported measure of the middle of the data (median, weighted median, weighted mean) was assumed to approximate the mean. For sample size, the number of patients completing the study was used where available.
GC exposure was expressed as (or recalculated to) mean daily dose in prednisone equivalents. Where necessary, this was calculated from the cumulative dose. In one study, this dose was approximated from a time period longer than 1 year. 16 Overall, the average mean dose was calculated from individual study means weighted by sample size. Studies were classified as 'starter' or 'chronic user' depending on the patient population. In some cases, this was difficult: four studies of GC starters included patients starting up to 3 months prior to inclusion. [17] [18] [19] [20] Another study defined chronic GC use as starting at least 1-month before inclusion. 21 One very large study reported previous GC use by duration, i.e. as the percentage of patients with a duration <4 months, 4-12 months and >12 months before inclusion. 22 The latter two studies were classified as chronic user studies, whereas the first four were classified as starter studies. In transplant studies, the GC amount related to rejection episode treatments (where reported) was added to the 1-year cumulative dose.
Bone loss was assumed to be linear over time in chronic disease, but not in transplantation settings. Consequently, to estimate 1-year bone loss, interpolation (where necessary) was only allowed in studies of chronic disease. Bone loss in the spine was assumed to be homogeneous, and the actual vertebrae measured were ignored. Bone loss was expressed as a mean percentage of baseline; where necessary, this was calculated by dividing the group mean absolute change by the mean baseline value. In one study, the reported SD of change of BMD was interpreted to be in fact the SE. 23 In 15 CID studies (15 for lumbar spine and 12 for femoral neck data) and 4 transplantation studies (4 for lumbar spine and 2 for femoral neck data), the SD of mean bone loss had to be imputed. This was carried out with the model developed by Furukawa: all available SDs and corresponding sample sizes at month 12 were used to calculate a pooled SD which was subsequently entered for the missing SDs. 24 Meta-analysis and meta-regression To estimate bone loss in the two groups at the two sites, meta-analysis was done by applying inverse variance random-effect models by default in order to accommodate the anticipated heterogeneity among study results. 25 Heterogeneity was studied by funnel plots and I 2 statistics. 26 In addition, several sensitivity analyses were performed in attempts to address heterogeneity (see below).
The relation of bone loss to possible predictors was studied by meta-regression analysis, applying the study weights used in the meta-analysis. These predictors were GC dose (studied separately in chronic disease and transplantation studies); GC start or chronic dosing; and calcium/vitamin D supplementation (the latter two factors studied only in chronic disease, because most patients in transplantation studies received supplementation and were GC starters). In the analysis of GC dose as a predictor, GC start/chronic and calcium/vitamin supplementation were additionally studied as potential effect modifiers. In a post hoc analysis suggested during peer review, study year was studied as a predictor in univariate analysis. These meta-regression analyses were performed by the R package metaphor. 27 
Sensitivity analyses
In both disease groups, bone loss was compared between: (1) Studies with high versus low quality (cut-off: median quality score); (2) studies that reported a measure of variation for the mean result (SD) versus those that did not; and (3) studies with high versus low precision of the bone loss estimate (cut-off: median weight in meta-analysis). Additionally, in the transplantation group, bone loss was compared between kidney and other organ transplantations. In a post hoc analysis suggested during peer review, we checked the relation between the primary outcome measures, relative bone loss (change expressed as a percentage of baseline) and absolute bone loss (change expressed in g/cm 2 ); between baseline BMD and absolute change in BMD; and between baseline BMD and BMD at year 1.
RESULTS
Included studies
The PRISMA flow chart illustrates the selection procedure of studies (Figure 1 ). The search was initially performed for the period 1995-2010, and later updated to September 2012, and is presented as one search. The first search yielded 4098 citations and the second 1504, giving a total of 5602 titles. A total of 285 articles were retrieved. After the first and second screening, 225 articles were excluded, among them 14 potentially relevant abstracts in English that turned out to be studies in foreign languages. Data from these abstracts or articles either did not meet the inclusion criteria or did not present relevant data that could be extracted. These studies were therefore not included. Five of the remaining articles were excluded because they showed data presented in other included articles. The bibliographic search of five key reviews and citations of the selected studies added no relevant studies.
The same search strategy was subsequently run again in 2012 (PUBMED from September 2010 to October 2012; EMBASE and Cochrane Library) to capture the most recently indexed studies. This complementary search yielded 1504 new references. Eight articles were retrieved. After screening, all studies were excluded. Thus, 58 articles were left for data extraction and quality assessment (full references in online supplementary appendix 1).
Characteristics of included studies are presented in summary (table 1) and in detail (table 2) . In CID, 42 articles yielded a total of 49 cohorts/study arms and 1519 patients (1818 at baseline, ie, 16% loss to follow-up). Most studies included patients suffering from one CID, with RA as the most frequently studied disease in homogeneous populations (21%). In transplantation, 16 articles yielded a total of 18 cohorts/study arms and 571 patients (635 at baseline, ie, 11% loss to follow-up).
The majority of patients (79%) underwent kidney transplantation. Patients with CID were most frequently women of middle age (72% females, mean age 56 years); 66% were chronic GC users. In contrast, most patients with transplant were younger men (64% males, mean age 46 years); 87% were GC starters. Calcium and vitamin D were prescribed in 68% and 72% of the patients with CID and patients with transplant, respectively.
Study quality assessment
An overview of the quality assessment is presented in online supplementary appendix 2.
All studies presented data on the length of follow-up and age of the study population. Reporting on missing data and loss to follow-up was reported in half of the studies included. For GC use prior to study, the percentage given only applies to chronic user studies. In 63% of the chronic user studies in which patients already were using GC, the mean dose was reported. Only 38% of the transplantation studies reported the number of rejection cases and the treatment regimen.
Meta-analysis
Lumbar spine BMD was measured in all study arms, femoral neck BMD in 51 of 67 arms. Both groups lost bone at both sites; all changes, p<0.0001.
Patients with CID lost less bone than transplantation patients at both sites (Table 1, Figure 2 ). In the lumbar spine, results were -1.7% (95% CI -2.2% to -1.2%) in patients with CID versus -3.6% (-5.2% to -2.0%) in patients with transplant; difference 1.8% (-3.1% to - Continued 0.6%; p=0003). In the femoral neck, results were -1.3% (-1.8% to -0.7%) in patients with CID versus -3.1% (-5.1% to -1.1%) in patients with transplant; difference 1.7% (3.2% to 0.1%; p=0.04). In several transplantation studies, patients had more bone loss at 6 months, with partial improvement at 12 months (data not shown). In all meta-analyses, strong evidence of heterogeneity was found, as shown by I 2 statistics above 80% in all analyses, and wide funnel plots (data not shown). There was no evidence of publication bias (Figure 2 , top panels).
Meta-regression
There was no relationship between GC dose and BMD loss in either disease group or bone assessment site (very small β-coefficients with very wide CIs; figure 3 ; bottom panels). In univariate analyses, patients with chronic inflammatory disease starting GC appeared to lose more bone in the lumbar spine than chronic users (difference: 1.9% (-2.7% to -1.0%; p=0.003), but this did not appear to modify the (lack of ) effect of GC dose on bone loss. Calcium/vitamin D supplementation was neither a significant predictor of bone loss in univariate analyses nor an effect modifier.
Sensitivity analysis
Study quality, availability of precision estimate and precision did not influence the estimate of bone loss. Patients in kidney transplant studies lost less bone in the femoral neck than patients receiving transplants of other organs (difference 5.8% (2.4% to 9.1%; p<0.001)). Year of publication did not influence bone loss in patients with CID, but patients in more recent transplantation studies lost less bone (lumbar spine, p=0.002; femoral neck, p=0.004; see online supplementary appendix 3). Correlation between relative and absolute bone loss was excellent (r=0.95); we found no relationship between BMD at baseline and absolute change in BMD (see online supplementary appendix 4). Consequently, the absolute amount of bone lost was constant over the range of initial BMDs in the studies (see online supplementary appendix 4).
DISCUSSION
This meta-analysis in about 2200 GC users mostly on calcium/vitamin D, but no other antiosteoporotic drugs, shows considerable bone loss in transplantation patients, and modest bone loss in patients with CID. The most obvious explanation for this difference is GC dose, differing by a factor of two. Next, univariate analyses confirmed the finding 10 11 that more bone is lost at the start of GC therapy compared with chronic use, and almost all patients with transplant were GC starters. Further, in CID (and especially RA), GC counteract the effects of systemic inflammation on bone. In contrast, in transplantation, many factors may influence bone mass negatively: 28 the active underlying disease, particularly in the preoperative period in which the patient is awaiting the Another influential factor might be the awareness among rheumatologists of risk of bone loss when prescribing GC to their patients and subsequent lifestyle advice. It should be noted that current treatment of many CID has improved over the past 25 years, reducing disability and improving mobility. Thus, it is likely that bone loss is less in patients on current treatments. This systematic review is unique, and likely to be the last to report on the relation between pure GC exposure and bone loss, as modern guidelines on GC therapy advocate co-treatment with bisphosphonates or other bone sparing treatments in high-risk patients.
12-14 However, it is well known that compliance with such guidelines is low, 29 so that in practice many physicians continue to prescribe GC in high doses or for prolonged periods without offering adequate bone protection. Such non-adherence increases fracture rates. 30 In clinical settings such as transplantation, part of this lack of compliance may also be explained by the lack of studies proving the benefit of bone protection in that setting. Also, the expectation that bone mass is normal in a young transplantation patient may make bone protection less urgent if the bone loss is felt to be reversible on reduction and withdrawal of GC. Such expectations would need to be backed up by proof, but unfortunately DXA is not a regular feature of a typical pretransplantation workup. 31 The fact that bone loss seems to decrease in more recent transplantation studies may point to increasing adherence to guidelines. In all, owing to ethical considerations, we expect no new relevant data to be published. Indeed, in our search update for the period 2010-2012, we found no new studies to add to the data set. More recent studies in patients with GC are active comparator studies, for example, RCTs comparing teriparatide to alendronate and risedronate. 32 33 This study has limitations. Many study reports were incomplete, forcing us to make a number of assumptions in our calculations of the weighted BMD loss. However, sensitivity analyses did not suggest that such assumptions resulted in bias. It is remarkable that we were unable to identify a doseresponse relationship within the two groups separately. For CID, an explanation could be the narrow range of dosing, mostly between 5 and 15 mg/days. However, this dose range reflects the current state of the art (in fact, with most chronic inflammatory diseases, the range is probably even more narrow in practice) and is wide enough to cover the contentious area above and below 7.5 mg/days, where many physicians feel (without proper evidence) that a tipping point exists between a favourable and unfavourable balance between benefit and harm (see also the recent European League Against Rheumatism subcommittee paper on implementation of existing recommendations 34 ). For the transplants, possible explanations include disease heterogeneity (different transplant types), power issues related to limited sample size and uncertainty about true levels of GC exposure given a frequent lack of detail on the number of rejection episodes and associated treatment regimens. Figure 3 Composite graph showing bone loss results by % weight in the analysis (top panels), and by prednisone dose (bottom panels). In the top panels, a thin horizontal grey line indicates the weighted mean per disease group. In the left bottom panel, group symbols correspond to those in the top panels. In the right bottom panel, for each disease group, study results are grouped by quartile of weight: darker colour corresponds to increasing weight. BMD, bone mineral density.
We also did not find a relationship between the use of calcium/vitamin D and bone loss: we suspect that this is the result of the relatively small effect of calcium and vitamin D on bone loss, and the fact that the majority of patients were supplemented with calcium and vitamin D. Nevertheless, calcium and vitamin D supplementation is advocated in recent guidelines on chronic GC use, based, among others, on two meta-analyses that showed a beneficial effect of vitamin D plus calcium on BMD versus no supplementation or calcium alone. 35 36 Large heterogeneity was observed despite the fact that we ordered our analyses according to the two main indications: CID and transplantation. There was a large difference in bone loss between these groups, but within each group no further effect of GC dose on bone loss was observed. This suggests that even in patients treated with high doses of GC, other factors are critical drivers of bone loss. We were only able to detect two such factors: starter versus chronic use in patients with CID, and year of study in patients with transplant. The latter can be regarded as a proxy for changes in treatment regimens that were mostly not recorded in the source studies; somewhat surprisingly, an advantage from new strategies in RA (treat to target, biologics) could not be detected. Apart from incomplete data on dose, especially during the rejection episodes noted above, other likely factors include underlying disease and its activity, comorbidity, age and gender. We excluded diseases most likely to have specific effects on bone mass, but this choice remains somewhat arbitrary. For example, we excluded true malabsoprtion syndromes, but not inflammatory bowel disease, even though such patients can also have malabsorption. Disease activity-not reported in the studies-is especially likely to be a confounder through its effects both on exposure (more active means a higher likelihood of receiving GC and in higher doses) and on outcome (more active means more bone loss). This has been clearly shown in RA 8 9 but is likely to work in other diseases as well. The effect of menopause on the effect of the underlying disease could not be investigated since most studies did not mention specific data on these factors. Finally, we should caution that in GC-induced osteoporosis there may be a mismatch between fracture risk as determined by bone mass and actual fracture rate. 5 In conclusion, this meta-analysis provides definitive data on 1-year GC-associated bone loss across a range of diseases and GC doses. In chronic inflammatory diseases, bone loss appears limited and most likely manageable if current antiosteoporotic strategies are fully implemented. In transplantation, and probably also other high-dose settings, bone loss is considerable and represents unmet need. The heterogeneity and lack of further dose effects probably reflects the important influence of other factors, most notably the underlying disease and its treatment by GC.
